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Abstract

TiC and TaC thin films were investigated, for the first time, for thin film thermocouple applications. Thin films of TaC and TiC were
deposited on electronic grade alumina substrates using the r.f. sputter deposition technique. Sheet resistance of the thin films was measured
using a four point probe. It was observed that the sheet resistance of the films depends critically on the deposition parameters such as substrate
temperature during deposition, sputter gas pressure and r.f. power used. The deposition parameters were optimized to yield the lowest sheet
resistance of the thin films at room temperature. The thermoemf of the deposited films was measured as a function of temperature in a
vacuum using a home made device. It was observed that thin films of TaC and TiC yield fairly high and stable thermoemf throug hout the
temperature range of stability. Under the optimized deposition conditions, thin film thermocouples were fabricated. The thermocouples were
calibrated against temperature and the output was measured in vacuum (pressure < 1078 Torr). TiC/TaC thermocouples yield stable output
up to 1350 K, temperatures above which breakdown occurs. The thermocouple output was theoretically estimated from the thermoemf
measured, and compared. It was observed that these thermocouples yield reproducible output in the temperature range of stability and hold
excellent potential for high temperature thin film temperature sensor applications in vacuum or inert atmospheres. © 1999 Elsevier Science

S.A. All rights reserved.
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1. Introduction

Thermoelectric thin films have been used for several
micro sensor applications which include heat flux sensors
[1], strain gages [2], radiation sensors [3], pressure sensors
[4], electrical power sensors [5], thin film thermocouples
[6-8] and flow sensors [9]. This is essentially because,
thin films offer numerous advantages over conventional
bulk sensors such as excellent spatial resolution, fast
response and minimal disturbance to the component being
monitored [10,11]. In addition, CMOS processes could be
applied in the fabrication of thin film sensors, which
substantially reduces the cost of production [12]. In the
case of temperature measurement systems, thin film thermo-
couples [13] and resistance thermometers [14] have been
studied extensively.

Conventionally, platinumplatinum—10% rhodium ther-
mocouples have been used for thin film thermocouple appli-
cations. However, recent studies have suggested, PtPt—Rh
thermocouples present some problems at temperatures
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around 800-900°C such as substrate reaction, coalescing
of films due to electromigration forming islets disturbing
the electrical continuity of the films, rhodium oxidation
resulting in inconsistencies in the thermocouple output,
poor adhesion and so on [15,16]. Consequently, several
materials have been investigated for thin film thermocouple
applications. These include, indium tin oxide (ITO), anti-
mony tin oxide (ATO), fluorine doped tin oxide [17], sili-
cides of molybdenum, tantalum, rhenium, titanium and
tungsten [18], ruthenium oxide, iridium oxide [19], lantha-
num strontium cobalt oxide [20] etc.

High temperature thin film thermocouples present addi-
tional difficulties primarily because of smaller diffusion
distances (~1 pm) compared with wire thermocouples
(>500 pm). Hence, the primary criteria for selecting candi-
date materials are high melting point, stability of phase,
chemical composition and microstructure in the thin film
form, fairly large and stable electrical conductivity and
Seebeck coefficients throughout the temperature range of
operation, and easy and straight forward thin film fabrica-
tion process. Moreover, in applications involving oxidizing
environments, the resistance of the candidate materials to
oxidation also plays an important role.

In this study, titanium and tantalum carbide thin films
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Fig. 1. Principle of measurement of Seebeck coefficient of TiC and TaC
thin films.

were investigated, for the first time, for high temperature
thin film thermocouple applications in inert or vacuum
environments. Earlier, transition metal carbides were
studied extensively as interesting engineering materials,
(e.g. as cermets in the hard metals industry) owing to their
extremely high melting points, strength and good corrosion
resistance [21]. Among many transition metal carbides, tita-
nium carbide based composites particularly are used as
cutting tools, plasma and flame spraying processes in air,
etc. [22]. Tantalum carbide on the other hand also has extre-
mely high melting point (3983°C, one of the highest known)
as well as high mechanical hardness [23]. Its electronic and
optical similarities with group IV nitrides (such as TiN) are
also of interest [24]. However, the range of applications of
the transition metal carbides is limited due to their poor
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Fig. 2. Experimental setup for the measurement of thermoelectric proper-
ties of thin films (a) schematic, (b) photograph.

oxidation resistance. There are several reports of physical
vapor deposition (PVD) of these carbides in literature and
the deposition of TiC and TaC is easy and straightforward.
All these properties of TiC and TaC have prompted the
present investigation for high temperature thin film thermo-
couple applications in vacuum or inert environments.

2. Experimental procedure
2.1. Thin film deposition and characterization

Thin films of TiC and TaC were deposited using r.f sput-
tering technique in a Denton Vacuum sputtering system.
Sheet resistance of the deposited thin films was measured
using a four point probe. The deposition conditions were
varied to obtain the optimum sheet resistance of the thin
films as well as substantial deposition rates. The r.f. power
during deposition was varied from 50 to 100 W. A TiC
(99.5% pure) target, 2 inches in diameter, 0.125 inches
thick and a TaC target with identical specifications were
used for deposition. The base pressure in the chamber was
maintained between 3 and 10 X 10”7 Torr. Argon was used
as the sputter gas, and the deposition pressure was varied
from 2 to 30 mTorr. Electronic grade alumina was used as
substrate and the substrate temperature during deposition
was varied from room temperature to 850°C.

Thickness of the deposited films was measured using
Dektak profilometer and weight measurements. X-ray
diffraction technique was used to study the phase develop-
ment in the films. A Scintag diffractometer was used to
record the XRD patterns using Cu K, radiation. Chemical
composition of the films was studied using electron spectro-
scopy for chemical analysis (ESCA) technique. Auger elec-
tron spectroscopy was used to study the interface
characteristics and oxidation mechanism of the carbide
thin films after exposure to high temperatures.

2.2. Thin film thermoelectric properties measurement

Thin films of TiC and TaC were deposited on alumina
substrates using the optimized deposition conditions in the
same sputtering system. From the deposited samples, resis-
tors of width 44.5 mm were cut. These resistors were
pasted on electronic grade alumina samples. The height of
the samples was about 12 mm. The principle of measure-
ment of Seebeck coefficient is shown in Fig. 1. Platinum and
platinum—10% rhodium thermocouples were used to
measure the thermoemf of the film. Each thermocouple
was inserted in an alumina tube having two isolated holes
for the two thermocouple legs. The two thermocouples were
placed one on top of the other at a distance of 8 mm from
each other. They were sealed using high temperature
alumina cement. This was fixed to a stainless steel holder
which could be slid lengthwise. The whole system was
spring loaded to ensure contact with the resistor. Fig. 2
shows the experimental setup for high temperature thin
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Fig. 3. Schematic of the test chamber for the calibration of the test thermo-
couples.

film thermoelectric properties measurement system. The top
thermocouple was insulated during Seebeck coefficient
measurement using molybdenum radiation shield to incor-
porate a temperature difference of about 15°C. The detailed
description of the apparatus with the dimensions and perfor-
mance analysis is given elsewhere [25]. The voltages gener-
ated between the Pt and Pt—Rh legs of the thermocouple and
the temperatures of the hot and cold junctions were
measured using a Tempbook 7-channel thermocouple read-
out system. The whole system was inserted in a high
vacuum furnace, which has a built in temperature controller
system and also maintains pressures less than 5 X 107 Torr.
From the data collected, Seebeck coefficients were plotted
as a function of temperature. The equations used to evaluate
the Seebeck coefficient are listed below. Sp; and Sp;, corre-
spond to the voltage drops in the Pt and Pt—Rh legs of the
two thermocouples respectively, &qm, €p; and epgy, are the
Seebeck coefficients of the film, Pt and Pt—Rh respectively
and Ty, and T, are the temperatures of the hot and cold junc-
tions, respectively.

Sp, = _8Pt(Th - TC) + gﬂ/m(Th - TC)

Spirn = €pwn(Th — Te) + &am(Th — Te)

Fol = L + gp, = ﬂ + &
“film (Th — Tc) Pt (Th — Tc) “film
SP B SP 'Rh
ATtheoretical = (Th - Tc) = d — -
EpiRh — Ept

2.3. Thin film thermocouple calibration and testing

Test thermocouples were deposited on alumina substrates
using the optimized deposition conditions in the same sput-
tering system. Each leg of the thermocouples was deposited
separately, and it was found that upon annealing, there is
very good electrical continuity in the thermocouples. These
thermocouples were calibrated using standard Pt/Pt-Rh
thermocouples. Fig. 3 shows a schematic of the test cham-
ber. The furnace was heated using boron nitride heating
element by radiation. The test specimen was surrounded
by several layers of molybdenum foil to prevent heating

of the exterior of the chamber. Similar foil as well as a
thick alumina disc were used as insulation caps to prevent
the cold junctions of the test thermocouples from getting
heated to high temperatures. Added to that, the cold junc-
tions of the test thermocouples were fastened on to a stain-
less steel block, which was maintained at close to room
temperature using circulated cooling water. The chamber
was maintained at extremely low base pressures using a
cryo pump. Fig. 4 shows the schematic view of a typical
TiC/TaC test thermocouple. S-type platinum/platinum—10%
rhodium wire thermocouples were used to determine the
temperatures of the two cold junctions and the hot junction
of the test thermocouples. The thermocouple output was
measured using a Tempbook 7-channel thermocouple read-
out system. The thin film thermocouple output was
measured between the two cold junctions as shown in Fig.4.

3. Results and discussion
3.1. Sheet resistance of the deposited films

The sheet resistance of the deposited films was measured
using a four point probe technique. All the thin films studied
in this section henceforth are 3000 A thick as measured
using weight measurements and Dektak profilometer.
First, the deposition rate was measured for each of the
deposition conditions and the thickness of all the films
was maintained at 3000 A.

3.1.1. Dependence on r.f. power

Fig. 5 shows the variation of sheet resistance of the TiC
and TaC thin films with r.f. power. With increasing r.f
power of deposition, the sheet resistance decreases until
100 W beyond which there is little dependence. This effect
could be attributed to the difference in the sputter yields of
titanium, tantalum and carbon. From literature, it can be
found that the sputter yields decrease in the order tantalum,
titanium and carbon [26]. The effect of r.f. power of deposi-
tion on the sputter yields is more dominant at lower r.f.
powers, whereas at higher r.f powers, there is smaller differ-
ence in the sputter yields. Accordingly, at lower r.f. powers,
the deposition rate of tantalum is higher than that of titanium
which in turn is higher than that of carbon. At higher r.f.
powers, there is little difference in the relative deposition

TiC
1 Cold Junction TC-1
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{___Junction TC
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Céld Junction TC-2
TaC

Fig. 4. A typical test thermocouple fabricated from TiC and TaC.
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Fig. 5. Dependence of sheet resistance of TiC and TaC on r.f. power of
deposition.

rates. Therefore, at lower r.f. powers, it is reasonable to
expect that TaC is more deficient in carbon when compared
to TiC (the difference in carbon content is close to 5%).
Earlier reports on the dependence of electrical resistivity
of TiC and TaC indicate that as the carbon deficiency in
TaC and TiC increases, the electrical resistivity increases
[27]. In our experiments, we observe that at higher r.f.
powers, the sheet resistance is much lower compared to
that at lower r.f. powers, which follows the above discus-
sion. Also, this effect is more evident in the case of TaC
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Fig. 6. Variation of sheet resistance of TiC and TaC thin films on the sputter
gas (argon) pressure.

when compared to TiC. There was no significant difference
in the porosity of the films and hence such effects are
neglected. From these experiments, it was found that 100
W was the optimum r.f. power taking into account, the
limitations of the equipment.

3.1.2. Effect of sputter gas pressure

Fig. 6 shows the variation of sheet resistance of TiC as
well as TaC thin films with sputter gas pressure during
deposition. Both TiC as well as TaC show a marked increase
in the sheet resistance with increase in the sputter gas. This
effect could also be explained on the basis of differences in
sputter yields of tantalum, titanium and carbon. At higher
sputter gas pressures during deposition, there is a larger
difference in the deposition rates of tantalum, titanium and
carbon resulting in greater deviation in the stoichiometry
which in turn increases the sheet resistance considerably.
Also, there was oxygen incorporation into the films at higher
pressures of deposition as indicated from composition
analyses as well as depth profile analyses arising possibly
due to the limitations of the equipment. The presence of
oxygen in the films could also result in the increase in the
sheet resistance of the films. From these results, it can be
seen that lower pressures of sputter gas (argon) result in
lower electrical resistivities.

3.1.3. Effect of substrate temperature

Fig. 7 shows the influence of the substrate temperature
during deposition on the sheet resistance of TiC and TaC
thin films. In the case of both TaC as well as TiC thin films
there was no observable difference in the X-ray diffraction
patterns of the films. Both the films were amorphous indi-
cating no significant structural changes in the films. In the
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Fig. 7. Influence of substrate temperature during deposition on the sheet
resistance of TaC and TiC thin films.
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Fig. 8. Deposition rate dependence on (a) r.f. power of deposition, (b)
sputter gas pressure.

case of TaC, the sheet resistance decreases sharply when the
substrate temperature is increased from room temperature to
400°C. Further increase in the substrate temperature results
in a slight increase in the sheet resistance. This trend can be
explained on the basis of two effects viz., densification or
grain growth and oxidation of the surface layers of the films.
The former results in a decrease in the thin film resistivity
while the latter results in an increase in the resistivity.
Although a base pressure less than 5 X 10~° Torr is main-
tained before the argon gas is input into the chamber, there
is a possibility of formation of a monolayer of oxide on the
top of the carbide films which could result in an increase in
the resistivity. However, it can be seen that, the increase in
resistivity of the films is extremely small. These results

indicate that a temperature of about 400°C is optimum for
the deposition of carbide thin films.

3.2. Influence of sputter parameters on the deposition rates
of TiC and TaC thin films

The influence of r.f. power on the rate of thin film deposi-
tion is plotted in Fig. 8a while Fig. 8b shows the correspond-
ing effect of sputter gas pressure. Both figures illustrate that
at a constant sputter gas (argon) pressure of 15 mTorr, the
higher the r.f. power or sputter gas pressure during deposi-
tion, the higher is the deposition rate. This is expected
because as the r.f. power is increased, the number of parti-
cles striking the surface of the target is increased, resulting
in a greater number of species released from the target.
Consequently, the deposition rate is increased. This effect
is observed both in TaC as well as TiC thin films. At a
constant r.f. power of 150 W, it was observed that increasing
the sputter gas pressure increases the deposition rate of the
thin films. This can be attributed to the fact that, as the
sputter gas pressure in the chamber increases the ion density
in the plasma increases, resulting in greater deposition rates.
Similar effects have been observed by several researchers
and reported in literature [26].

From all these results it was found that the optimum
deposition conditions to obtain substantial deposition rates
and at the same time low sheet resistance were, r.f. power of
150 W, substrate temperature of 400°C and argon pressure
of 2 mTorr during deposition. The thickness of the films was
measured using a Dektak profilometer and was found to be
about 3000 A. All the results reported hereafter would be on
thin films of TaC and TiC on alumina substrates deposited
under the optimized sputter conditions. The fabrication of
thin film thermocouples was also done using these para-
meters.

3.3. Thermoemf data of TaC and TiC thin films

Thermoemf of TaC as well as TiC thin films was
measured using the thin film thermoelectric properties
measurement system shown in Fig. 2. Fig. 9 shows the
thermoemf as a function of the absolute temperature for
TiC and TaC thin films. During the measurement of the
thermoemf of the films, it was not possible to control the
temperature difference between the hot and cold junctions
of the films accurately. This temperature difference varied
between 10 and 40°C (a difference of 10-15°C is conven-
tionally used for thermoemf measurements) and accounts
for the large amount of scatter in the data presented. The
trend however, appears to be similar to that reported earlier
in literature [28]. From the thermoemf data in the thin film
form, the thermocouple output of TiC/TaC thermocouples
was estimated using a simple linear model. Test thermocou-
ples were fabricated on alumina substrates and calibrated.
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Fig. 9. Thermoemf of TaC and TiC thin films measured in vacuum (pres-
sures < 10 — 7 Torr) as a function of temperature.

3.4. Thin film TiC/TaC test thermocouple calibration and
performance

Fig. 10 shows the performance of two thin film TiC/TaC
thermocouples as a function of temperature in vacuum
(pressure less than 5 X 10”7 Torr). Also shown in the figure
is the estimated output of the thermocouple calculated from
the thermoemf of TiC and TaC thin films measured sepa-
rately. From the figure, it is clear that there is very little
difference in the thermocouple output of the two thermo-
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Fig. 10. Thermocouple output of two TiC/TaC thermocouples as a function
of temperature.
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Fig. 11. Thermocouple output of TiC/TaC thermocouples as a function of
temperature measured after several cycles of heating and cooling.

couples testifying the consistency of the fabrication and the
reproducibility of the data. The difference between the esti-
mated and the experimentally determined values of the ther-
mocouples could be attributed to the inaccuracies in the
calculations arising possibly due to lack of control over
the temperature difference between the hot and cold junc-
tions of the thin films during thermoemf measurements. The
second thermocouple was subjected to a temperature higher
than the first (>1350 K) and this resulted in the breakdown
of the thermocouple. From this observation, the temperature
limit of operation of TiC/TaC thermocouples was deter-
mined to be about 1350 K.

Fig. 11 illustrates the thermocouple output of thin film
TaC/TaC thermocouples tested under several repeated
cycles of heating and subsequent cooling. It can be observed
that there is no significant change in the output of the test
thermocouples during heating and cooling indicating stabi-
lity of chemical composition, phase and thermoelectric
properties of the films. The minor changes in the thermo-
couple outputs between heating and cooling cycles of opera-
tion could be attributed to any grain growth or densification
of the films. The thermocouple, which was subjected to
temperatures beyond the maximum temperature of opera-
tion, developed electrical discontinuities, which could be
seen clearly with naked eye.

4. Conclusions

Thin films of TaC and TiC were deposited on electronic
grade alumina substrates using r.f. sputtering technique. The
sheet resistance of the deposited thin films was measured
using a four point probe. It was observed that the electrical
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properties of the thin films both TiC as well as TaC depend
critically on the sputter deposition conditions and therefore,
the deposition parameters were optimized to obtain the
lowest sheet resistance of the thin films. TiC and TaC thin
films were deposited under these conditions and thermoemf
was measured using a home made device. The thermoemf of
TiC and TaC thin films decreases as the temperature is
increased. The output of TiC/TaC thermocouples was esti-
mated based on the individual thermoemf data on thin films.
Thin film thermocouples were successfully fabricated on
alumina and calibrated against standard platinum/plati-
num-rhodium thermocouples. Thermocouple output was
recorded as a function of temperature and the maximum
temperature of stability of thermocouples was determined
to be 1350 K. No significant change was observed in the
output of the test thermocouples when they were subjected
to several repeated cycles of heating and cooling indicating
thermal and electrical stability of the thermocouples. The
reproducibility of the thermocouple data was also tested and
found to be satisfactory. It can be concluded that thin film
TiC/TaC thermocouples hold excellent potential in high
temperature thin film thermocouple applications in vacuum
or inert atmospheres.
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